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Herein we propose a method of exploiting evanescent light in the context of emission. When a fluorophore is located in close proximity to a medium with a higher refractive index, its near-field component is converted into light that propagates beyond the critical angle. This so-called Supercritical-Angle Fluorescence (SAF) can be captured using a high-NA objective and used to determine the axial position of the fluorophore with nanometer precision. We introduce a new technique for 3D nanoscopy that combines direct STochastic Optical Reconstruction Microscopy (dSTORM) imaging with dedicated detection of SAF emission. We demonstrate that our approach of a Direct Optical Nanoscopy with Axially Localized Detection (DONALD) yields a typical isotropic 3D localization precision of 20-nm.
Super-localization methods in optical microscopy such as PALM, (F)PALM and dSTORM, have shattered the spatial resolution barrier imposed by the diffraction limit. These techniques are based on the sequential detection of several thousands individual fluorescent molecules [1, 2, 3, 4] . In their simplest implementations, these methods typically improve lateral resolution by one order of magnitude, however their axial resolution is still limited by diffraction. Specific techniques must be developped to tackle this strong anisotropy resolution, which compromises 3D imaging. Super-localization techniques must be combined with Point Spread Function (PSF) engineering methods, to measure the depth position of each detected fluorophore [5, 6, 7, 8, 9] . Single- [5] and double- [7] cylindrical-lens methods have achieved axial-localization precisions 60 and 20 nm, respectively. The former is very stable and straightforward to implement, whereas the higher precision of the latter comes at the cost of increased complexity. Similarly, alternative elaborate methods such as interferometric PALM (iPALM) [10] and the SelfBending PSF (SB-PSF) [11] can achieve axial localization precision of 10 nm and 15 nm, respectively [12] . In addition, all these strategies provide only the relative axial positions of the fluorophores with respect to an arbitrary focal plane. Hence, 3D optical nanoscopy is in need of a method that combines high nanometer axial precision, simplicity of implementation and absolute axial positioning.
Herein we report a new approach termed "Direct Optical Nanoscopy with Axially Localized Detection" (DONALD). This type of nanoscopy combines standard super-localization technique with Supercritical-Angle Fluorescence (SAF) analysis [13] . The latter is based on the light emission above the critical angle that occurs when fluorophores are placed in the vicinity of the coverslip interface. Within this region, DONALD achieves an iso-3D nanometer resolution, yielding the absolute axial position of the fluorophores with a precision of 10 to 20 nm.
A fluorophore can be modeled as a dipolar emitter radiating in the far field.
This dipole is also endowed with a non propagative near field component that depends on the surrounding refractive index n m . In the presence of an interface with a medium with a refractive index of n g > n m , the transmitted light follows Snell-Decartes law of refraction (Fig. 1a) . The refracted light is emitted within a cone that is limited by the critical angle θ c = arcsin (n m /n g ).
This component is referred to as Under-critical Angle Fluorescence (UAF).
However, if the fluorophore-interface distance d is smaller than the fluorescence wavelength λ em , then additional SAF emission is observed. The evanescent near field component in the homogeneous medium surrounding the fluorophores, with an index of refraction of n m , becomes propagative beyond the critical angle θ c inside the medium of higher refractive index, n g > n m . SAF emission can be detected for fluorophores in the cellular medium located in the vicinity of the coverslip. The SAF intensity is potentially equal to as much as 50% of all fluorescence emitted into the coverslip when the fluorophore is in direct contact with the interface (d = 0) (Fig. 1b) [14] . Various strategies can be implemented to discriminate between the UAF and SAF components in the BFP. A straightforward method of selecting for SAF emission consists of using a disk-shaped mask in the BFP to block the UAF emission. The diameter of the resulting PSF, σ SAF P SF , is 1.7 times larger than that of the standard PSF [17] , and N SAF represents less than 50% of the total number of collected photons, N EP I . However, this strategy causes degradation of the lateral 2D localization precision σ because in STORM-like mi-
. The detection of SAF emission for enhanced axial localization should not come at the cost of a degradation in lateral resolution. Our alternative approach extracts N SAF by measuring N EP I and N U AF on two simultaneously acquired PSFs. Both PSFs are well defined, with a significant number of photons, and can thus be used to compute the lateral 2D super-localization with a good signal-to-noise ratio. By simultaneously capturing N EP I and N U AF , we can determine
Notably, this approach is the single-molecule analog of the full-field virtual SAF technique [19, 20] . Finally, by computing ρ SAF , we achieve axial superlocalization of the fluorophore.
Our experimental setup consists of a home-made DONALD module that we inserted between the output of a standard full-field microscope and an EMCCD camera. This module uses a beamsplitter to split the fluorescence emission into two imaging paths (Fig. 2a) . The first EPI path is directly imaged on half of the EMCCD detector and is used to compute N EP I for a given PSF. On the second path, the SAF ring is blocked out in the image plane of the objective BFP in order to generate a corresponding UAF-only PSF on the other half of the EMCCD detector. N U AF is computed from this image. When a fluorophore is imaged on both paths, it is first super-localized in 2D using a wavelet segmentation algorithm [21] . Then, we measure N EP I
and N U AF via numerical integration within a PSF region of 9 × 9 pixels. closer to the coverslip these features were located, the better was the axial resolution. We also imaged a microtubule network of CHO cells that been labeled with antibody-Alexa647 and were immersed in a buffer composed of 50% PBS and 50% Vectashield [24] (Fig. 5a, 5b) . We used ViSP-software [25] to create a three-dimensional projection of a sub-region of the DONALD image ( Fig. 5b: white box, 5c), on which we plotted a XZ projection plane of two microtubules (Fig. 5c : white box, 5d). We measured a difference of these two microtubules axial positions of aproximately 50-60 nm. In addition, an estimated value of 65 nm was obtained for the diameter of the microtubule based on axial positioning measurements of a microtubule located approximately 130 nm from the coverslip (Fig. 5b, 5c , 5e: Zone 5). The microtubule diameter (20-30 nm) is typically measured to be approximately 50-60 nm because of the additional size of the primary and secondary antibodies [11] .
There are two reasons for slightly higher diameter measurement. First, the higher refractive index of the Vectashield-based buffer (n m = 1.38 compared with 1.33 for the thiol-based buffer) causes the critical angle to be higher, thus lowering the SAF ratio for a given objective. Second, in our case, the long-term efficiency of the Vectashield-based buffer was not as good as in the case of the thiol-based buffer, hence limiting the number of frames that could be acquired with an acceptable detection density (typically 2500 vs. 15,000).
Regardless of these drawbacks, because Alexa Fluor 647 has both a higher quantum yield and a higher emission wavelength than does Alexa Fluor 488, it allows a deeper imaging depth while providing a nanometer axial resolution comparable to that achievable using PSF engineering techniques ( Monte-Carlo simulations were used to calculate the axial localization precision for both SNRs. Experimental verification of the theory was performed using 20 nm red-beads embedded in 3% agarose gel (n m = 1.33). The DON-ALD module was used to measure the SAF ratio, and a PSF shaping method (cylindrical lens) was applied to determine the depth. The experimental results (a, black circled red dot) are consistent with and confirm the DONALD theory. 
